This work describes the development of a dedicated, fully automated sequential-injection analysis (SIA) apparatus suitable for simultaneous electrogenerated chemiluminescence (ECL) and amperometric detection. The instrument is composed of a peristaltic pump, a multiposition selection valve, a home-made potentiostat, a thin-layer electrochemical/optical flow-through cell, and a light detector. Control of the experimental sequence and simultaneous data acquisition of the light and the current intensities were performed in LabVIEW6.1. The CL reagents and the sample were first aspirated as distinct zones into the holding coil of the analyser and, then, delivered to the cell; during their travel, the individual zones mixed and the ECL reaction was initiated as soon as the mixed regents reached the cell. The utility of the analyser was demonstrated for the detection of oxalate and H 2 O 2 based on their ECL reactions with Ru(bpy) 3 2 and luminol, respectively.
INTRODUCTION
Sequential-injection analysis (SIA) is the most recent version in the field of flow analysis techniques [1] . It is based on the sequential aspiration of the sample and reagent solutions into a holding coil as separate zones, followed by the delivery of the zones to the detector through a reaction coil. The advantages of SIA over conventional flow-injection analysis (FIA) are the reduced consumption of reagents, the convenience in varying the chemical and instrumental operating parameters, the ease of calibration, and the versatility and simplicity afforded by the single-channel manifold. The SIA principle is applicable to different direct detection schemes, such as UVVis spectrophotometry, IR spectrometry, atomic absorption spectroscopy, amperometry, and potentiometry [1] . In addition, it has been demonstrated that the SIA methodology is ideally suited to techniques that employ a preconditioning, pretreatment, or preconcentration stage of the sample before the actual measurement (such as enzymatic and immunological assays, solid phase extraction, and stripping voltammetry) [2] .
Chemiluminescence (CL) is the phenomenon of production of light in the course of chemical reactions [3] . ECL is a special case of CL in which at least one of the species taking part (either directly or indirectly) in the light-emitting reaction is generated by a redox reaction on an electrode [4, 5] . Both CL and ECL detections are based on monitoring the intensity of light produced in the course of the lightemitting reaction and relating it to the analyte concentration in the sample. Although CL detection is ideally suited and widely applicable to FIA [6] , it presents some problems when applied to SIA [7] . These problems are associated with the stopped-flow nature of SIA and the fact that CL reactions are fast; indeed, the CL reaction starts as soon as the sample zones are aspirated into the holding coil and, by the time the fully overlapped zones have reached the detector, much of the emitted light has been lost. This is the reason why CL detection is only occasionally used in SIA [1] . ECL is an elegant way to circumvent this difficulty since the actual CL reaction can be accurately controlled both temporarily and spatially: indeed, the required species that triggers the subsequent CL reaction can be generated in situ electrochemically within the detection cell so that the maximum of the emitted radiation is captured [4, 5] . Therefore, ECL, unlike conventional CL, is ideally suited as a detection technique in SIA. In addition, ECL presents some unique advantages compared to simple CL detection [4, 5] : (i) the rate and timing of the light-emitting reaction can be controlled by varying the potential of the generating electrode; (ii) in situ generation of reactants allows the use of otherwise unstable species; (iii) in many cases the cost of the analysis can be reduced by employing immobilised CL reagents that can be electrochemically regenerated; (iv) in some cases the manifold can be simplified by decreasing the number of reagents. The main drawbacks of ECL detection are the need for additional electrochemical instrumentation and the possibility that by-products of electrochemical reactions [4, 5] foul the electrode surface.
Although there is obviously great scope in applying ECL detection in SIA, surprisingly no applications of this combination in chemical analysis exist in the literature and this is partly explained by the lack of commercial instrumentation suitable for ECL detection in SIA. This article reports the construction of a fully automated SIA instrument for ECL detection in which the control and data acquisition are performed by the LabVIEW programming tool. The LabVIEW software package has been shown to be ideally suited to the task of automating analytical instrumentation [8] [9] [10] . The user-friendliness of the user interface (front panel of the programme) offers excellent flexibility and simplifies the selection of the operational parameters, the data acquisition, and the presentation and evaluation of the results. The construction of such dedicated instruments can circumvent the lack of commercial instrumentation for ECL studies and can extend the scope and applicability of SIA as an analytical technique. In addition, the apparatus is able to conduct spectroelectrochemical experiments by simultaneous recording of the current and light intensities. The utility of the instrumentation developed was demonstrated to detect oxalate and H 2 O 2 , through their ECL reactions with Ru(bpy) 3 2 [11] and luminol [5] , respectively. In the present system, volumes of the sample solution (containing oxalate or H 2 O 2 ) and the reagent solution (containing Ru(bpy) 3 2 or luminol, resp.) were sequentially aspirated as adjacent distinct zones in the holding coil of the analyser. Then, the flow was reversed and the zones were directed to the electrochemical/optical detector. During their travel, the zones dispersed, overlapped, and mixed. As soon as the mixed zones reached the detector, the ECL reaction was initiated and the light emitted was monitored.
EXPERIMENTAL

Reagents
The reagents were of analytical grade and were purchased from Merck (Darmstadt, Germany) unless stated otherwise. Deionised water was used throughout. A 10 −3 mol L −1 solution of Ru(bpy) 3 2 (from tris-(2,2'-bipiridyl)ruthenium(II) chloride hexahydrate, Aldrich) was prepared in 0.1 mol L 
Instrumentation
The SIA analyser was designed and constructed entirely inhouse; a schematic diagram of the complete SIA instrument is illustrated in Figure 1 (a). Solution aspiration and delivery were accomplished by means of a peristaltic pump (Gilson Minipuls 3, France). A 10-port valve (Vici-Valco, Switzerland) served as a selection valve. The CL detector was a miniature Hamamatsu H6780 photomultiplier tube (PMT) operating at 600 V (Hamamatsu Photonics, Japan). The combined electrochemical/optical thin-layer flow cell was designed and constructed in-house and was placed in front of the detector in a light-tight box (as shown in Figure 1(b) ). The working electrode was a platinum disk (2 mm in diameter), the reference electrode was a home-made, gel-based Ag/AgCl, and the counter electrode was a stainless steel tube also serving as the solution outlet. The thin-layer flow channel was defined by a 0.5 mm Teflon spacer placed between the two parts forming the cell. The electrodes were connected to a home-made potentiostat equipped with external terminals for potential input and current output. All the connecting tubing was PTFE 0.75 mm i.d. (Jour Research, Sweden). The pump, valve, and potentiostat were interfaced to a Pentium PC through a multifunction interface card (6025 E PCI, National Instruments, Tex). The pump made use of two TTL signals (one for on/off and a second for the forward/reverse direction) and one DAC channel (for speed control). The speed of the pump was calibrated in mL min −1 . The valve was controlled by BCD code that allowed selection of the port and reading back of the port selected. This operation required 14 TTL lines. The control of the potential of the working electrode necessitated the use of one DAC channel, connected to the potential input terminal of the potentiostat. The current was recorded by means of an ADC line connected to the current output terminal of the potentiostat while the emitted light (i.e., the voltage output from the PMT) was sampled directly by a second ADC channel.
Software
Programming was accomplished in LabVIEW 6.1 (National Instruments). The computer screen displayed two so-called "front panels" as illustrated in Figure 2 . The front panel in Figure 2 the form of table (indeed a multidimensional array) where all the parameters of every experimental step (pump speed, flow direction, time of operation, valve position, and potential applied) are typed; (ii) a control in the form a single-column table (a single-dimensional array) where the proper sequence of steps to be used in the actual analysis is typed; (iii) a numerical control where the number of repeated injections is typed; and (iv) an indicator in the form of a column of LEDs (a one-dimensional array), one of which is flushing to indicate the step in the sequence that is executed at any one time. Part of the block diagram of this application is illustrated in Figure 3(a) .
The front panel in Figure 2 (b), called "ecl.vi," is the front panel of the programme that performs the data acquisition from the PMT (light intensity) and from the potentiostat (current intensity). This programme is composed of (i) an indicator in the form of a strip chart that records the CL intensity with respect to time; (ii) another indicator in the form of a strip chart that records the current intensity with respect to time; (iii) a STOP control that, when pressed, stops the data acquisition and opens a file dialogue prompting to save the data in ASCII format (as a multidimensional array of points-time, current, CL intensity); and (iv) a control of the current sensitivity of the potentiostat which is used to calibrate the current output from the potentiostat. The block diagram of this application is illustrated in Figure 3(b) .
Cyclic voltammetry experiments were conducted with a programme developed in LabVIEW, as reported elsewhere [8] . 
Results and discussion
The ECL reaction between oxalate and Ru(bpy) 3 2+ is one of the most widely studied ECL reactions and occurs according to the following sequence of reactions [11] . It is initiated by the oxidation of Ru(bpy) 3 2+ to Ru(bpy) 3 3+ on the working electrode: 
Finally, the excited Ru(bpy) 3 2+ * species returns to its ground state Ru(bpy) 3 2+ by emitting light while the CL intensity is monitored and related to the oxalate concentration in the sample:
Ru(bpy) 3 2+ * −→ Ru(bpy) 3 2+ + hv (620 nm).
Therefore, the whole sequence of reactions is triggered by the oxidation of Ru(bpy) 3 2+ to Ru(bpy) 3 3+ (reaction (1)) and finishes with the regeneration of Ru(bpy) 3 2+ (reaction (3)) which, thus, serves as a quasi-catalyst. There are three ways to electrochemically produce Ru(bpy) 3 3+ from Ru(bpy) 3 2+ [11] . The first method is the ex situ (external) preparation of the Ru(bpy) 3 3+ reagent by bulk oxidation of Ru(bpy) 3
2+
under coulometric conditions in a separate electrochemical cell; the resulting Ru(bpy) 3 3+ can be subsequently used to trigger the CL reaction. The second strategy is the in situ solution generation scheme in which Ru(bpy) 3 3+ is formed within the electrochemical/optical detection cell by oxidation of a Ru(bpy) 3 2+ solution. The in situ generation mode is advantageous, especially when combined with flow systems and it has been extensively used for the determination of reducing species in flow-injection analysis (FIA) [11] . The last scheme for generating Ru(bpy) 3 3+ is the in situ immobilisation generation of Ru(bpy) 3 3+ . This mode involves immobilisation of Ru(bpy) 3 2+ on the working electrode which, upon application of an oxidising potential, is oxidised to Step sequence (0-stop sepuence) Ru(bpy) 3 2+ and converted back to Ru(bpy) 3 2+ by the analyte. Thus the ruthenium complex is continuously cycled between its oxidised and reduced forms (reactions (1) and (3)) within the immobilising media without need to replenish it; this way of producing Ru(bpy) 3 3+ is especially suitable for the fabrication of ECL sensors [4, 5, 11] .
The system was first applied to study the electrochemical behaviour of Ru(bpy) 3 2+ by performing cyclic voltmammetry from 0 to +1 V in order to access the feasibility of the in situ solution electrochemical generation of Ru (bpy) holding coil and delivered to the flow cell. As soon as the sample plug reached the flow cell, the flow was stopped and the respective cyclic voltammogram was recorded in quiescent solution (inset in Figure 4 , thick trace). Also, a blank cyclic voltammogram was recorded in the same way by aspirating pure buffer instead of the Ru(bpy) 3 2+ solution (inset in Figure 3 , thin trace). The forward scan of the cyclic voltammogram indicated that the oxidation current increased sharply at potentials more positive than +1 V and exhibited an anodic peak at +1.17 V which was due to the electrochemical oxidation of Ru(bpy) 3 2+ to Ru(bpy) 3 3+ according to reaction (1) . The reverse cathodic scan revealed a cathodic peak which was due to the reduction of the Ru(bpy) 3 3+ generated in the first scan back into Ru(bpy) 3 2+ . This behaviour was consistent with previous studies of the Ru(bpy) 3 2+ species on platinum electrodes in the batch mode [12] and demonstrates that it is possible to achieve in situ generation of Ru(bpy) 3 3+ from a solution of Ru(bpy) 3 2+ in the combined electrochemical/optical cell.
Then, the possibility was investigated of detecting and determining oxalate by means of in situ electrochemically generated of Ru(bpy) 3 3+ from the solution phase under the typical conditions prevailing in SIA. For this purpose, the experimental sequence shown in Table 1 was programmed in the analyser.
According to this scheme, a zone of the oxalate solution was aspirated into the holding coil followed by a zone of the Ru(bpy) 3 2+ solution. Then, the two adjacent zones were directed to the detector through the mixing coil. During their travel, the two zones merged so that a solution containing both oxalate and Ru(bpy) 3 2+ solution reached the cell whose potential was maintained at +1.25 V and the ECL reaction took place. The ECL was recorded at different potentials applied to the working electrode in the range 0.825-1.225 V (Figure 4 , main curve). This study indicated that no light was generated at potentials less than +0.85 V while the ECL gradually started to increase at potentials more positive than +0.9 V and eventually reached a plateau at +1.175 V. This behaviour was consistent with the results of the cyclic voltammetry experiments discussed in the previous paragraph and analogous experiments in the FIA mode [13] . No Ru(bpy) 3 3+ was formed at potentials lower than +0.85 V while more Ru(bpy) 3 3+ was generated as the potential of the electrode was gradually shifted to more positive values until the diffusion-limited potential region was reached. These results suggest that it is possible to detect oxalate by means of its ECL reaction with Ru(bpy) 3 2+ with in situ electrochemical solution generation of Ru(bpy) 3 3+ in the SIA mode provided that a sufficiently oxidizing potential (more positive than +1.2 V) is applied.
Then, the possibility for quantitative determination of oxalate was investigated by carrying out a calibration procedure in the range 5 µmol L −1 -5 mmol L −1 of oxalate. Typical ECL peaks are illustrated in Figure 5 where an ECL signal can be noticed for the blank solution as reported earlier [11] . The corresponding calibration curve ( Figure 5 , inset) exhibits a wide linear range in the interval 10 µmol L −1 -2 mmol L −1 , a feature inherent in many CL and ECL detection schemes. The calibration can be expressed by the equation
where ECL is the ECL intensity (mV); c(oxalate) is the oxalate concentration (mol L −1 ). An example of the in situ immobilisation generation scheme of Ru(bpy) 3 3+ from Ru(bpy) 3 2+ immobilised on a Nafion film is illustrated in Figure 6 where the ECL and amperometric signals of oxalate are compared. The apparatus allows the simultaneous recording of both current and light intensities, thus enabling spectroelectrochemical investigation in situ [14] . In this example, it is clear that the ECL response exhibits a more stable baseline as well as a better signal-to-noise ratio than the amperometric response.
The scope of the present system can be extended to encompass alternative widely used ECL reactions. As an example, the determination of H 2 O 2 by means of its ECL reaction with luminol was considered. A simplified mechanism of this complex reaction is illustrated in Scheme 1 [15] . It is generally acknowledged that the sequence starts with the electrochemical oxidation of luminol to a diazo compound in alkaline media. Further chemical oxidation of the diazo compound produces 3-aminophthalate in its excited state which relaxes to its ground state with the simultaneous emission of light. The chemical oxidation step can be promoted in the presence of H 2 O 2 , hence the potential for analytical applications of this reaction.
In Figure 7 , SIA-ECL peaks are recorded in the presence and absence of H 2 O 2 with the electrode potential maintained at +0.65 V; this potential was selected as the optimum in an experimentally derived curve of ECL versus electrode potential similar to that of Figure 4 . A small ECL signal was observed in the absence of H 2 O 2 probably due to the weak oxidation of the diazo compound by dissolved oxygen [15] . However, in the presence of H 2 O 2 , the ECL signal was greatly Table 1 ). Table 1 were used).
enhanced, suggesting that it is possible to use this reaction for the determination of either H 2 O 2 itself or of species that take part in a reaction in which H 2 O 2 is formed (i.e., substrates of enzymatic reactions catalysed by oxidases or dehydrogenases).
CONCLUSIONS
This work has, for the first time, demonstrated that it is possible to utilise ECL detection in SIA. For this purpose, a dedicated FIA-ECL analyser with provision for dual CL/amperometric detection has been designed and constructed from commercial components and a suitable software programme was developed for control and data acquisition. The main advantage of SIA-ECL is the possibility to conduct the analysis even for fast light-emitting reactions as a result of the in situ triggering of the reaction in the detection cell, unlike conventional SIA-CL. This technique allows a considerable reduction in the consumption of sample and expensive CL reagents (such as Ru(bpy) 3 2+ salts). It provides a high level of automation and versatility. It minimises electrode fouling because only minute volumes of reagents are injected unlike conventional FIA where reagents are continuously pumped through the cell. The apparatus developed in this work can also provide simultaneous CL and amperometric measurements. This provides a useful tool for Table 1 ). spectroelectrochemical studies. Finally, an important property of SIA, namely, its ability for complex sample handling prior to the actual detection, can be further explored.
